• We used novel technology to present a purely top-down visual illusion to induce somatosensation.
•
We used novel technology to present a purely top-down visual illusion to induce somatosensation.
• There was a significant increase in reports of somatosensation during the illusion condition.
• Individuals with higher SDQ scores were more susceptible to illusory sensations in all conditions.
• There was a strong negative relationship between SDQ score and hand ownership in all conditions.
• Those reporting more visually induced somatosensations felt less ownership over their hands.
Introduction
The interpretation of any incoming sensory information depends upon both the reliability of the signal and the effect of prior experience, so that although our somatic perceptionsseem to reflect reality, bodily events are often misjudged or misinterpreted, resulting in distorted bodily experiences. This appears to be the case for individuals experiencing medically unexplained symptoms (MUS) , that is, physical symptoms occurring in the apparent absence of physical or psychological pathology [1] . MUS are a trait-like phenomenon distributed across both healthy and clinical populations and are thought to account for up to one third of all medically relevant symptoms in primary care [2] with a greater prevalence in the young and middleaged [3] . Traditionally thought to be the result of abnormal interplay between behavioural, cognitive and physiological processes, recent research suggests that rigid top-down processes during the monitoring of body representation may be an important factor in determining susceptibility to MUS [e.g. 1, 4, 5] . For individuals with MUS-like tendencies, discrepancies between incoming bottom-up sensory information and current top-down knowledge may result in the sensory input being disregarded in favour of pre-existing top-down schemata. We tested this hypothesis directly, through the use of a novel perceptual illusion -the 'crawling skin' illusion. Somatic preoccupation or perceptual aberration has been found to be associated with the strength of induced sensations in a number of sensory illusions [4] , [5] , [6] and [7] , including the rubber hand illusion (RHI [8] ). While it has been argued that resistance to the RHI in those susceptible to MUS reflects a trait-like dependence upon top-down information [1] and [5] , it is widely accepted that the RHI involves a combination of both top-down and bottom-up processes (e.g. [9] ). In order to investigate the links between MUS and purely top-down influences on bodily perception, we created a new illusion that influences somatosensation solely through visual manipulation. The 'crawling skin' illusion generates a visual effect on the participant's hand that simulates movement on the skin but, unlike the RHI, involves no tactile or somatic sensory input. If individuals with a higher tendency to experience somatic MUS symptoms exhibit an increased reliance upon top-down processes, we hypothesised that this should result in an increase in somatic sensations reported, in comparison to participants scoring lower on measures of MUS, particularly during the illusion. In keeping with previously reported studies [e.g. 5], we also predicted that participants with higher MUS scores would report lower feelings of limb ownership.
Methods
Participants Twenty-two naïve right-handed participants reporting normal or corrected-tonormal vision and no sensory deficits took part (7 males, aged 18 to 23 years [mean ± SD = 19.82 ± 1.44 years]). Participants gave informed consent prior to taking part and procedures were approved by the local ethics committee, in accordance with the 1964 Declaration of Helsinki.
Materials
Experimental procedures were conducted using a Newport-MIRAGEmediated reality system (University of Nottingham), whereby participants were able to view real-time video images of their own moving hand (delay < 10 ms) presented from the same position and from the same visual perspective as if viewing the real limb directly [10] . Experimental conditions showed a real-time image of the hand that was unmanipulated (veridical), a darkened control condition that matched the luminance level inherent in the illusion version (darkened) and a randomly changing selection of pixels on the hand replaced by black pixels (static) (Fig. 1) . Design and procedure Questionnaires Self-reported MUS experience was measured using the Somatoform Dissociation Questionnaire ), which asks participants to rate their experience of 20 physical symptoms in the past year. Symptoms that had been medically explained were excluded. Participants also completed the Health Anxiety Inventory (HAI [12] ) as health anxiety has been reported to be more prevalent in MUS populations [e.g. 13] and overlaps at least partially with the experience of these symptoms [14] . Experimenters remained blind to both SDQ-20 and HAI Scores during data collection.
MIRAGE Illusions
Participants viewed their stationary hand for 2 min in each of three visual conditions [veridical/darkened/static], counterbalanced across participants. After 2 min, participants responded to a series of statements relating to their somatosensory experience and degree of hand ownership, including statements concerned with physical sensations such as 'I can feel a tingling sensation in my hand' and rated each on a scale of scale of 0 ('I strongly agree) to 10 ('I strongly agree'). Following each set of statements, they removed their hand from MIRAGE for 2 min and were encouraged to touch and move it to 'reset' sensation. These breaks were also used for informal discussions of the preceding condition.
Results
To examine interoceptive somatic sensations reported during each condition, a 'somatosensation score' was calculated from the mean of responses to questions relating to tingling, pins-and-needles touch, itching and throbbing and pleasant/unpleasant sensations. A one-way ANOVA revealed a significant main effect of visual condition (F(1.456, 29.13) = 8.799, p = .003); with no significant difference between somatosensory scores for the veridical and darkened conditions (t(21) = − 0.184, p = .856) but much higher somatosensory scores in the static condition compared to the veridical (t(21) = − 3.652, p = .002) and darkened (t(21) = − 2.968, p = .008) conditions (Bonferroni corrected α = .017). During and after the static condition, several participants made spontaneous comments such as '[it felt] tingly'; 'now I'm getting tingly finger tips' and 'it really tickles! [onset of laughter]'. A partial correlation analysis, controlling for HAI score, was conducted between somatosensation and SDQ-20 scores to determine the relationship between the tendency to experience visually induced somatosensations and somatoform dissociation more generally. Significant positive correlations were found between SDQ-20 scores and induced somatosensation across all three conditions: veridical (r(18) = .620, p = .004), darkened (r(18) = .748, p < .001) and static (r(18) = .622, p < .003). When we further calculated a difference score between the veridical and the static conditions, however, we did not find a correlation between SDQ-20 score and somatosensory scores (r(18) = .263, p = .249). Taken together, these results suggest that participants reporting a higher degree of somatoform dissociation on the SDQ-20 also experienced a higher number of somatic sensations, regardless of visual condition.
Interestingly, when using the same partial correlation analysis, SDQ-20 scores were found to have significant negative relationships with hand ownership across all three conditions: veridical (r(18) = − .697, p = .001), darkened (r(18) = − .692, p = .001) and static (r(18) = − .601, p = .005), indicating that participants with higher reported levels of somatoform dissociation felt less ownership of their digitally presented hands. Most importantly, there were also very strong significant negative correlations between ownership and somatosensation across all three conditions: veridical (r(21) = − .728,p < .001), darkened (r(21) = − .953, p < .001) and static (r(21) = − .656, p = .001), indicating that participants who felt less ownership over their digitally presented hands also reported feeling more visually induced somatosensory sensations.
Discussion
The crawling skin illusion did indeed increase reports of illusory somatosensation in comparison to control conditions, through the application of a purely visual manipulation. As predicted, participants with higher somatoform dissociation reported more somatosensation across all three visual conditions. This is consistent with evidence that higher SDQ-20 scorers report more touch sensations in response to visual stimuli when no touch is present [4] , and in accordance with an over-reliance upon top-down schema when interpreting bottom-up physiological changes within the body, which lies at the heart of MUS [15] . However, once the disproportionate response of the higher SDQ-20 scorers to baseline conditions had been factored out, the crawling skin illusion condition did not produce an SDQdependent increase in somatosensation, as higher scorers also reported more somatosensation in the unmanipulated baseline condition. This suggests that these individuals may have an elevated sensory baseline in which interoceptive 'noise' is more often misinterpreted as 'signal', regardless of current sensory input. Previous investigations into this area have indicated that such top-down modulation of interoceptive information is due to increased visual attention directed toward the limb [16] and [17] . Indeed, previous research with clinical MUS populations has shown that these individuals are more likely to be hyper-vigilant with respect to bodily symptoms [18] , particularly those that are visual in nature. This highlights the importance of including direct-view and non-visual baseline conditions in future illusion experiments. Higher SDQ-20 scorers also reported lower feelings of ownership over their hands, which is in keeping with the results reported by Miles et al. [5] , whereby participants with high SDQ-20 scores also reported lower feelings of ownership in the RHI. A novel finding here is that participants with higher SDQ-20 scores experienced reduced ownership over their own limb rather than a proxy limb. This further strengthens the case that those susceptible to MUS may be less in tune with sensory signals emanating from within their own body. In addition, ownership had a strong negative relationship with somatosensation, in that the lower the ownership score, the more participants reported visually induced somatosensation. It is unclear whether reduced ownership causes increased somatic illusions or vice versa, but a similar phenomenon has been observed in patients with Complex Regional Pain Syndrome (CRPS); such individuals experience pain that is far in excess of that expected following recovery from the physiological damage that triggered the CRPS. These patients not only experience a loss of ownership over their affected limb [19] and [20] , but pain ratings have also been observed to reduce under conditions in which ownership of the affected limb is increased [20] . This experiment confirms that those reporting higher numbers of MUS are more susceptible to induced somatic sensations. Such distortions are due to an over-reliance upon top-down information when interpreting current sensory input, suggesting that intervention treatments for MUS should focus on improved perception and interpretation of low-level sensory signals, particularly in relation to body representation and ownership. 
